Sodium phosphate buffer was used to extract cellulases from the plant solids fraction of rumen contents. The mixed cellulase preparation had maximal activity at pH 6.9 and 490C. The Vm. and the apparent Km for wheaten hay cellulose were 19.8 glucose units/min and 6.35 mg/ml, respectively, and for microcrystalline cellulose (Sigmacell) at the same enzyme concentration, they were 33 glucose units/min and 27.5 mg/ml, respectively. For these assays a glucose unit was defined as nanomoles of glucose plus twice the nanomoles of cellobiose. Consideration of thermodynamic and kinetic data suggested that the hydrolysis of a relatively labile arabino-xylan comprising 3% of the wheaten hay cellulose was dependent on prior removal of the protecting fl-1,4-glucose chains at the outer surface of the cellulose preparation. Sequential removal of structural polysaccharides from the plant cell wall rendered the latter more susceptible to cellulase activity. Cellulase activity was stimulated by increasing the concentration of phosphate from 5 to 50 mM. The stimulation was magnified in the presence of cell-free rumen fluid. Cellulase activity was not stimulated by calcium, magnesium, iron, zinc, manganese, copper, or cobalt ions and was unaffected by the chelators ethylenediaminetetraacetic acid and ethyleneglycol-bis(,8-aminoethyl ether)-N,N'-tetraacetic acid. O-phenanthroline inhibited activity by 30 to 50%, but this may have been due to nonchelate properties. Anaerobic conditions or thiol protective agents were not essential for either the activity or stability of the cellulases during assay. An ultrafiltrable inhibitor of cellulase activity was detected in cell-free rumen fluid.
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Cellulose digestion in the rumen has been shown to involve concerted hydrolysis by a number of enzymes (8, 9) . Frequently these enzymes have been characterized by their activity towards soluble cellulose derivatives rather than insoluble "native" celluloses. Few workers have used substrates equivalent to the cellulose present in pasture grasses, and conclusions drawn from experiments using the soluble cellulose derivatives, e.g., carboxymethyl-cellulose, are probably less valid than if native substrates are used. The cellulases that occur in rumen contents have not been investigated in detail because of difficulties in both isolating an active preparation and the insensitivity of assays using insoluble native celluloses. The pioneering work of King (6, 9, 10) is still the most comprehensive study available.
Cellulases are extracellular enzymes and are therefore subject to factors present in the fluid environment that may modify their activity.
Thus, the pH, ionic strength, temperature, redox potential, cations, or anions in the environment may interact in a complex way to determine the cellulase activity at a given time. In addition, cellulose substrates vary in physical structure such as the degree of crystallinity and length of fibrils, and this also influences the rate of cellulose hydrolysis. In this paper we report the results of experiments in which the effect of some of these factors on cellulase activity was tested utilizing the sensitivity and specificity offered by a carbohydrase enzyme assay based on gas-liquid chromatography (G. B 6.9 . The mixture was shaken vigorously for 10 min and strained through the terylene voile. This procedure was repeated four more times, using fresh sodium phosphate buffer for each extraction. All'extracts were combined and centrifuged at 20,000 x g for 30 min. The supernatant was removed, and 650 g of analytical-grade ammonium sulfate per liter was slowly dissolved with stirring. Precipitation was allowed to continue overnight under an atmosphere of high-purity nitrogen. The precipitate was recovered by centrifugation, redissolved in 200 ml of 20 mM sodium phosphate buffer (pH 6.9), and dialyzed for 29 h against 2 liters of degassed glass-distilled water containing 1 mM DTT. The dialysis was repeated two more times to remove salts from the enzyme preparation. The dialyzed preparation was then centrifuged at 80,000 x g for 1 h, and the supernatant was lyophilized. The dried enzyme was stored at -15°C.
Enzyme assay. The enzyme preparation was assayed for cellulase activity as previously described (Storer et al., in press). Hemicellulase activity was determined similarly, since the conditions used for gas chromatography gave separate peaks for glucose, cellobiose, xylose, arabinose, galactose, and mannose, allowing quantitation of the individual sugars released. Unless otherwise stated, the reaction mixtures contained 0.75 mg of freeze-dried enzyme and 30 mg of substrate in 2 ml of sodium phosphate buffer (pH 6.9) with 1 mM DTT. After incubation for 30 min, the reaction was stopped by adding 10 of acid hydrolysis (18) .
Experimental details. Substrate concentration and temperature effects on cellulase activity were examined in 50 mM phosphate buffer (pH 6.9), as indicated in the figure legends.
Modification of cellulase activity by changes in phosphate concentration was tested by first dissolving the enzyme in 5 mM sodium phosphate (pH 6.9), and aliquots were then combined with substrate in a set of incubation vessels containing various concentrations of sodium phosphate buffer, pH 6.9. To examine the effect of phosphate concentration on cellulase activity in the presence of rumen fluid, enzyme and substrate were incubated in reaction mixtures that had 1.8 ml of rumen fluid and 0.2 ml of sodium phosphate buffer calculated to give the desired final concentration of phosphate at pH 6.9. Cell-free rumen fluid was obtained by straining rumen contents through terylene voile and centrifuging the fluid at 100,000 x g for 60 min. The supernatant was filtered through a 0.45-,im filter before use.
For the study of the effect of sodium chloride concentration on cellulase activity, the enzyme was dissolved in 10 mM phosphate buffer (pH 6.9), and the substrate was suspended in 20 mM phosphate buffer (pH 6.9) that contained various levels of sodium chloride between 10 and 500 mM. One-milliliter volumes of each were mixed and incubated for 30 min.
Stability of the enzyme at different levels of phosphate was tested using standard quantities of enzyme and substrate in 20, 50, or 100 mM sodium phosphate, pH 6.9. Each enzyme solution was assayed after preincubation at 39°C for 0, 30, 60, or 90 min.
The importance of DTT for activity and short-term stability of the cellulases was investigated by assaying the enzyme in 50 mM phosphate buffer (pH 6.9) in the presence or absence of 1 mM DTT before and after a 2-h incubation that was carried out at 39°C in the presence or absence of DTT.
Modulation of enzyme activity by added metal ions was tested using ferric, calcium, magnesium, cobalt, copper, manganese, and zinc chlorides dissolved separately in 20 mM phosphate buffer at 0.4 mM and combining 0.5 ml of each solution with 0.5 ml of double-strength enzyme solution in a reaction tube that contained 30 mg of substrate suspended in 1 ml of 20 mM sodium phosphate buffer, pH 6.9. The chelators ethyleneglycol-bis(fB-aminoethyl ether)-N,N'-tetraacetic acid, ethylenediaminetetraacetic acid, and O-phenanthroline were titrated to pH 6.9 with 3 M sodium hydroxide and used at a final concentration of 5 mM in enzyme assays.
Cellulase activity response to the addition of an ultrafiltrate of rumen fluid was examined by replacing 0.8 ml of sodium phosphate buffer with 0.8 ml of ultrafiltrate in a standard cellulase assay. The ultrafiltrate was prepared by filtering cell-free rumen fluid through a noncellulosic filter (Amicon, UM-05; molecular weight exclusion, 500). Substrate concentration. Even though cellulose is an insoluble substrate, the cellulolysis appeared to conform to Michaelis-Menten kinetics under the conditions used. Linear EadieHofstee plots were obtained (Fig. 1) . For wheaten hay cellulose, the V,,. and apparent Km were 19.8 glucose units/min and 6.35 mg/ml, respectively, and for Sigmacell they were 33 glucose units/min and 27.5 mg/ml, respectively. For complex systems such as this involving a number of intermediate reactions, the Vm,. and apparent Km describe the rate-limiting step (5). Thus, the apparent Km values, expressed as milligrams substrate per milliliter indicate that at the rate-limiting step the cellulases have a greater affinity for the wheaten hay-derived cellulose than the recrystallized Sigmacell. However, this conclusion must remain tentative until the ratio of accessible surface area to weight of these two substrates is knowvn, because it is theoretically more accurate to express substrate concentration as accessible surface area per milliliter rather than weight per milliliter for the derivation of an affinity constant (11, 15) . The calculated VmXlx is unaffected by the surface areato-weight ratio; consequently, at nonlimiting PROPERTIES OF RUMEN CELLULASES 645 substrate concentrations the regenerated cellulose of Sigmacell is the more active surface for cellulolysis. This suggests that factors other than a difference in surface area are involved in determining the observed cellulase activity. Wheaten hay cellulose contained an arabino-xylan which was hydrolyzed to arabinose and xylose by the hemicellulases present in the crude enzyme preparation. For xylose release the Vmel, and apparent Km were 25.6 rmol/min and 50 mg/ml, whereas for arabinose they were 7 nmol/min and 51 mg/ml, respectively. Only 1.4% of the substrate present was hydrolyzed to glucose and cellobiose in establishing the conformity to Michaelis-Menten kinetics. Thus, the possibility that the measured activity was due to hydrolysis of a labile glucan present at low concentration was tested. Incubation of wheaten hay cellulose with porcine a-amylase failed to release any detectable sugars, indicating that hydrolysis of an a-1,4-glucan was not involved. Furthermore, digestion of wheaten hay cellulose with a commercial Aspergillus niger cellulase to convert 13% of the substrate to glucose did not reduce the initial reaction rate of such predigested substrate when reincubated with fresh enzyme under identical conditions. In fact, it slightly activated the substrate towards hydrolysis. This indicates that a unique readily hydrolyzable component is not present in the prepared wheaten hay cellulose nor responsible for an erroneous initial rate measurement. However, it reinforces the view that the substrate should be defined.
RESULTS AND DISCUSSION
Effect of temperature. The optimum temperature for cellulase activity was 49°C for both substrates under the assay conditions used. Hydrolysis of the arabino-xylan component of wheaten hay cellulose was maximal at 43°C (Fig.  2) . The apparent activation energies obtained from Arrhenius plots (Fig.,3) Substrates were prepared as previously described (2) .
APPL. ENVIRON. MICROBIOL. Nonglucan polysaccharides of cellulose preparations are thought to be intertwined with the outer glucan chain of microfibrillar cellulose (16) . The thermodynamic and kinetic data above suggest that hydrolysis of the wheaten hay cellulose arabino-xylan is dependent on prior removal of protecting glucan chains. Besides an equivalence of apparent Km values for arabinose and xylose release, the activation energies for the rate-limiting step in glucose and xylose release were the same. Furthermore, the rates of xylose and arabinose release from wheaten hay cellulose mirror their relative abundance in the substrate. This was not the case for other hemicellulose substrates tested (Table 2) . Overall, the above results indicate the complexity of heteropolymer digestion by a mixed population of carbohydrases such as exists in the rumen.
Effect of phosphate buffer and sodium chloride on cellulase activity. Increasing the concentration of phosphate buffer from 5 to 1,000 mM affected cellulase activity (Fig. 4) . Phosphate buffer added in the physiological range 5 to 50 mM stimulated cellulase activity, with a maximum at 50 mM for both substrates. Since sodium chloride at ionic strengths up to that of 100 mM sodium phosphate buffer had a negligible effect on cellulase activity, this stimulatory effect of phosphate buffer was due to phosphate ions rather than sodium ions or nonspecific effects of ionic strength. Although phosphate salts are known to stimulate cellulose digestion by rumen microorganisms in vitro (3, 7), a direct effect of phosphate on the activity of cellulolytic enzymes has not been previously reported. Stimulation at the unphysiological phosphate concentrations above 200 mM was not further investigated in these experiments and was probably due to nonspecific effects of high ionic strength on the surface properties of the substrate. Cellulases were stable to 30 min of incubation at 39°C in phosphate buffers between 20 greater than 500 inhibited to the same extent as unfiltered cell-free fluid. This indicates that the inhibitor was a small molecule and was removed by the extensive dialysis used in the preparation of crude enzyme. Other workers have also detected inhibitors of cellulase activity in preparations from rumen contents (9, 10, 12, 13) , but the nature of these inhibitors has not been determined.
Metals and chelators. None of the ions tested had a significant effect on cellulase activity. The chelators ethyleneglycol-bis(,8-aminoethyl ether)-N,N'-tetraacetic acid and ethylenediaminetetraacetic acid at concentr&tions of 5 mM also had no significant effect on cellulase activity, but similar concentrations of O-phenanthroline caused 47% inhibition when wheaten hay cellulose was the substrate and 29% inhibition with Sigmacell. The reported effects of added metal ions on the activity of rumen cellulases have been variable, particularly for ferric ions (11, 12) . Absence of any effect in the present experiments is supported by the noninhibition of the chelators EDTA and EGTA. 0-phenanthroline inhibition may have been due to properties other than specific chelation of Zn2+ and Fe2".
DTT. The anaerobic environment of rumen contents together with the low redox potential (8) protective agent DTT in all solutions used in the current work. Published results of experiments with cellulases ioslated from the rumen or of pure cultures of rumen microorganisms differ in their sensitivity to oxygen and the protection obtained with cysteine or other reducing agents (10, 12, 20) . In our experiments addition of DTT at a concentration of 1 mM in the assay had no effect on cellulase activity, and neither did the exclusion of oxygen by flushing with high-purity nitrogen. Preincubation of enzyme for 2 h at 390C in the presence of DTT decreased cellulase activity by 12%, but preincubation without DTT had no effect. We have not examined the role of DTT during enzyme extraction, but in view of the lack of effect during assay and the observation that extracellular proteins of microbial origin are usually devoid of cysteine (16) , its inclusion at that stage may be unnecessary.
Conclusion. The cellulases of rumen microorganisms are extracellular enzymes and are therefore subject to the action of stimulators or inhibitors in the surrounding fluid. Interaction between these factors is probably complex and may be dramatically altered when the host animal consumes food or water. Determination of the microenvironment in which cellulases function in vivo would assist the evaluation of factors that affect cellulose hydrolysis in vitro. It has been suggested, for 
